The growth of Arabidopsis plants in chilling conditions could be related to their levels of salicylic acid (SA). Plants with the SA hydroxylase NahG transgene grew at similar rates to Col-0 wild types at 23°C, and growth of both genotypes was slowed by transfer to 5°C. However, at 5°C, NahG plants displayed relative growth rates about one-third greater than Col-0, so that by 2 months NahG plants were typically 2.7-fold larger. This resulted primarily from greater cell expansion in NahG rosette leaves. Specific leaf areas and leaf area ratios remained similar in both genotypes. Net assimilation rates were similar in both genotypes at 23°C, but higher in NahG at 5°C. Chlorophyll fluorescence measurements revealed no PSII photodamage in chilled leaves of either genotype. Col-0 shoots at 5°C accumulated SA, particularly in glucosylated form. SA in NahG shoots showed similar tendencies at 5°C, but at greatly depleted levels. Catechol was not detected as a metabolite of the NahG transgene product. We also examined growth and SA levels in SA signaling and metabolism mutants at 5°C. The partially SAinsensitive npr1 mutant displayed growth intermediate between NahG and Col-0, while the SA-deficient eds5 mutant behaved like NahG. In contrast, the cpr1 mutant at 5°C accumulated very high levels of SA and its growth was much more inhibited than wild type. At both temperatures, cpr1 was the only SA-responsive genotype in which oxidative damage (measured as thiobarbituric acid-reactive substances) was significantly different from wild type.
Salicylic acid (SA) has received much attention due to its association with economically important plant responses to disease and other stresses. Detailed evidence implicates SA in PR gene expression, systemic acquired resistance, and the hypersensitive response (Kunkel and Brooks, 2002) . SA also seems to be involved in responses to abiotic stresses, such as ozone (Sharma et al., 1996; Rao and Davis, 1999; Koch et al., 2000) , salt and osmotic stress (Borsani et al., 2001; Molina et al., 2002; Shim et al., 2003) , UV-B (Surplus et al., 1998) , drought (Senaratna et al., 2000; Nemeth et al., 2002) , paraquat , and heat (Dat et al., 1998a (Dat et al., , 1998b (Dat et al., , 2000 Lopez-Delgado et al., 1998a; Senaratna et al., 2000; Larkindale and Knight, 2002; Clarke et al., 2004) . Stress-influenced developmental transitions, including flowering (Hatayama and Takeno, 2003; Martinez et al., 2004) , tuberization (Lopez-Delgado and Scott, 1997) , and senescence (Morris et al., 2000) , may also involve SA.
Cold is one of the most important limitations to crop productivity and species distribution. Freezing (subzero) or chilling (low positive) temperatures can cause injury or reduced growth depending on the cold tolerance of the species (Schneider et al., 1995; Pearce, 1999; Humphreys et al., 2003) . Recent studies describe potentially valuable effects of salicylate treatment on cold tolerance in maize, rice, and wheat (Janda et al., 1999; Szalai et al., 2000; Kang and Saltveit, 2002; Tasgin et al., 2003) , bean (Ding et al., 2002) , cucumber (Kang and Saltveit, 2002) , tomato (Senaratna et al., 2000; Ding et al., 2002) , banana (Kang et al., 2003) , and Persian lilac (Bernard et al., 2002) .
We have recently subjected a range of SA-related Arabidopsis genotypes to different temperatures (Clarke et al., 2004) and report here novel responses during prolonged growth at 5°C. Unlike most species in the above-mentioned cold tolerance papers, Arabidopsis is chilling resistant and able to grow to maturity at 5°C. Previous genetic studies at low positive temperatures have sought abnormally chilling-sensitive mutants (Schneider et al., 1995; Tokuhisa et al., 1997; Routaboul et al., 2000) . Most cold tolerance research on Arabidopsis concerns the harsher stress of subzero freezing temperatures (Thomashow, 2001) .
The SA-related genotypes we tested came from pathogen defense research, but common pathways and components occur in biotic and abiotic stresses (Chen et al., 2002; Pastori and Foyer, 2002) . Arabidopsis plants transformed with the bacterial SA hydroxylase gene NahG contain reduced amounts of SA and have implicated this hormone in heat (Larkindale and Knight, 2002; Clarke et al., 2004) , ozone (Sharma et al., 1996; Rao and Davis, 1999) , salt and osmotic stresses (Borsani et al., 2001) , as well as disease (Delaney et al., 1994) . There is also an extensive array of mutations in native Arabidopsis genes, which alter SA signaling or metabolism.
The npr1 mutant was characterized as a nonexpresser of SA-inducible PR genes with reduced pathogen resistance (Cao et al., 1994) . It also displays reduced heat tolerance (Clarke et al., 2004) . NPR1 accumulates in the nucleus in response to cellular redox changes and interacts with members of the TGA family of bZIP transcription factors (Després et al., 2000; Kinkema et al., 2000; Zhou et al., 2000; Fan and Dong, 2002; Mou et al., 2003) . NPR1 is regarded as a key signal transducer functioning downstream of SA, but there are also SA-mediated NPR1-independent pathogen resistance responses (Bowling et al., 1997; Clarke et al., 2000) .
One example of a signal pathway gene functioning upstream of SA is the enhanced disease susceptibility mutant eds5 (Rogers and Ausubel, 1997; Nawrath and Métraux, 1999) . SA levels are low in eds5 mutants and do not increase as normal after infection or treatment with UV-C or ozone (Nawrath and Métraux, 1999) . The EDS5 transcript is induced by pathogens and UV-C light, as well as by exogenous SA (Nawrath et al., 2002) . The EDS5 sequence shows membrane-spanning domains and homology with transporters of the multidrug and toxin extrusion family, but its precise function is still unknown (Nawrath et al., 2002) .
The cpr1 mutant, characterized as a constitutive expresser of PR genes, also seems to act upstream of SA, but, in contrast to eds5, it has elevated levels of SA (Bowling et al., 1994 (Bowling et al., , 1997 Clarke et al., 2000) . Germinating seeds of cpr1 show greater heat tolerance (Clarke et al., 2004) . The cpr1 gene maps to a resistance gene cluster on chromosome 4 (Stokes and Richards, 2002) , but information on its molecular function remains limited. Epistasis analyses by Clarke et al. (2000) showed that eds5 suppresses the SA accumulation and constitutive pathogen resistance of cpr1 mutants. On the other hand, npr1 only partially affects cpr1 pathogen resistance.
These genotypes therefore represent a range of putative points in the SA signal transduction network. We describe here how their development and SA levels at 5°C indicate that this hormone may be one contributory factor in the low-temperature inhibition of growth in Arabidopsis.
RESULTS

Growth of NahG Plants at Chilling Temperature
When Arabidopsis seedlings of the SA-deficient NahG and wild-type Col-0 genotypes grown in long days (16 h) were transferred to 5°C rather than incubated at 23°C, growth rates were markedly lower, as expected (Fig. 1A) . Among the 5°C plants, however, a size differential in favor of NahG started to be apparent by the third week of chilling and became increasingly pronounced so that the mean biomass of NahG plants was typically 2.7-fold greater than wild type after 2 months (Fig. 1A ). Relative growth rates (RGRs) were estimated as the gradient of ln (total plant biomass) over periods of exponential growth (minimum r 2 of linear regression 5 0.988). For the 5°C-grown plants, RGR over 8 to 35 d was significantly greater (P , 0.05) by 31% for NahG, at 0.0944 d . The phenotypic differences between NahG and Col-0 plants at 5°C, shown after 7 weeks in Figure 1B , were consistently observed in over 20 experiments. NahG plants were also significantly larger (P , 0.001) in the short-day (8 h) conditions that would be more common in the natural environment at 5°C, but growth was even slower (by .2.5-fold) than in long days (data not shown).
The most striking feature of NahG plants grown at 5°C was the relatively large leaf size (Fig. 1B) . Total leaf area of both genotypes showed a strong linear correlation with plant biomass (minimum r 2 5 0.995). The area of all rosette leaves (plants were not flowering) on NahG plants was 2.8-fold greater than wild type after 2 months of cold treatment ( Fig. 2A) . The number of leaves also appeared greater for NahG plants at 5°C (Fig. 2B) . The ratio of NahG:Col-0 leaf numbers was, however, constant with time (regression line gradient 5 20.0001) with a mean 6 SE of 1.31 6 0.04 (n 5 9). (For 23°C controls, the equivalent ratio was 0.96 6 0.03.) This suggests the greater expansion of NahG leaves simply caused more leaves to reach the macroscopically countable length of 1 mm, without a changed rate of production of leaf primordia.
The size difference between NahG and wild-type leaves at 5°C could be accounted for by cell expansion. Mean areas of fully expanded NahG leaves from plants kept 76 d at 5°C were 2.8-fold greater than wild type (Fig. 2C ), while mean cross-sectional areas of abaxial epidermal cells of these NahG leaves were likewise 2.8-fold greater than wild type (Fig. 2D) . In consequence, no difference could be found in the numbers of abaxial epidermal cells per leaf of the two genotypes (Fig. 2E) .
Specific leaf areas (area-to-dry matter ratio) of mature individual leaves did not differ significantly: Col-0 5 234 6 6 cm 2 g
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; NahG 5 228 6 7 cm 2 g 21 (n 5 9) after 46 d at 5°C. Leaf area ratio (LAR) is the ratio of leaf area to plant biomass. On chilling of NahG and Col-0 plants, LARs declined rapidly to values approximately 60% of those at 23°C (Fig. 3) . However, LARs appeared similar in NahG and Col-0 (Fig. 3) , consistent with a lack of significant difference found in regressions of leaf area against plant biomass in the two genotypes (not shown). This indicates that there was no gross morphological difference between chilled NahG and Col-0 plants apart from the larger size of the former.
Since RGR is the product of LAR and net assimilation rate (NAR; Poorter and Remkes, 1990) , the similar LARs in both genotypes suggest the greater RGR of NahG at 5°C was due to a greater NAR. Over the period used to estimate RGR, mean NAR was significantly higher (P , 0.05) in NahG than Col-0 at 5°C (Fig. 4A ). NARs were higher in plants at 23°C but not significantly different between genotypes (Fig. 4A ).
Maximal efficiencies of PSII photochemistry were measured as the ratio of variable-to-maximum chlorophyll fluorescence (F v /F m ), to assess the possible occurrence of PSII photodamage in chilled leaves (Maxwell and Johnson, 2000) . No significant differences were found in F v /F m values, either between NahG and Col-0 leaves or between plants grown at 23°C or 5°C (Fig. 4B) .
The effects of chilling on free and glucosylated SA levels in NahG and Col-0 shoots were investigated using an isotope dilution liquid chromatography-mass spectrometry (LC-MS) method. As the rates of growth at 23°C and 5°C were very different, comparisons were made both at equal ages ( Fig. 5A ) and at equal stages of development (Fig. 5B) . By either criterion, chilling induced accumulation of free SA and, to higher levels, of glucosyl SA. In the equal-age experiment in Figure  5A , plants kept 12 d at 5°C or 23°C reached minimum growth stages of 1.06 or 5.10, respectively. In the Col-0 shoots at 5°C, free and glucosyl SA levels were, respectively, 4.1-and 6.3-fold higher than at 23°C. SA levels were depleted in NahG shoots, so that at 5°C free and glucosyl SA contents were 10% and 26% of wild type. Chilling-induced increases in the low levels of free and glucosyl SA were still observed in NahG, however, to 1.5-and 4.8-fold higher than at 23°C. In the equal-stage experiment in Figure 5B , plants were grown to stage 1.08, taking 20 d at 5°C or 5 d at 23°C. In this experiment, the chilling treatment was therefore 8 d longer than in the equal-age experiment, and SA accumulation was more pronounced. In Col-0 shoots, free and glucosyl SA levels were, respectively, 20-and 49-fold higher at 5°C than at 23°C. In NahG shoots at 5°C, free and glucosyl SA increased to only 2.3-and 1.5-fold higher than at 23°C, and were only 4.8% and 1.2% of wild type at 5°C. The substantial chilling-induced accumulation of SA in Col-0 shoots was not an early response. In the first week of chilling we were unable to detect significant increases in SA (data not shown).
As the NahG gene product converts SA to catechol, which may exert biological effects itself (Van Wees and Glazebrook, 2003) , we monitored the catechol [M-H] 2 ion at m/z 109 in the same LC-MS analyses as for SA. We were not able to detect catechol above the detection limit of approximately 0.4 mg/g fresh weight in either genotype at either temperature.
Effects of Chilling on SA-Related Mutants
To explore further the low-temperature role of SA implied by the transgenic NahG line, we compared genotypes with mutations affecting SA signaling and metabolism: npr1, eds5, and cpr1. Like NahG, each of these mutants showed significant (P , 0.01) divergence from wild-type growth over several weeks at 5°C (Fig. 6, A and B) . The npr1 mutant (which shows impaired sensitivity to SA in pathogen responses) displayed intermediate 5°C growth that was significantly different (P , 0.01) from both NahG and Col-0, reaching 120% of wild-type shoot biomass after 52 d, compared to 165% for NahG. The eds5 mutant (which exhibits greatly reduced SA accumulation on infection) showed relatively substantial 5°C growth that was significantly greater (P , 0.05) than npr1, but not significantly different (P 5 0.26) from NahG. (Three comparable experiments failed to show significantly less growth in eds5 than NahG.) The enhanced lowtemperature growth of NahG, npr1, and eds5 occurred despite the plants at 23°C showing slightly less growth than Col-0 (Fig. 6B) . A markedly different growth pattern was observed in the SA-accumulating cpr1 mutant. This mutant has an environmentally conditioned dwarf phenotype (Stokes and Richards, 2002) , which was apparent during growth at 23°C. Nevertheless, cpr1 was the only genotype in which shoots were even smaller after 52 d at 5°C than controls kept only 14 d at 23°C (Fig. 6B) . While shoot biomass of the 23°C cpr1 plants was 40% of Col-0, the 5°C plants had only 14% wild-type shoot biomass and showed accelerated senescence. Development of cpr1 was therefore even more inhibited at 5°C than at 23°C.
SA contents of the genotypes after 42 d at 5°C were consistent with growth inhibition by this hormone (Fig. 6C) . SA levels in Col-0 shoots were comparable to those found after 20 d at 5°C (compare with Fig. 5B ), suggesting maximal wild-type accumulation had occurred. Again, SA occurred in NahG at fractions of wild-type levels (9% free and 1.5% glucosyl SA), and SA levels in eds5 were even lower (3.6% free and 0.7% glucosyl SA). In contrast, excessive accumulation of SA occurred in cpr1, with 100 mg g 21 of glucosyl SA (2.8-fold more than wild type), and free SA even more elevated in relative terms at 5 mg g 21 (8.3-fold more than wild type). In npr1 shoots, free SA was strongly elevated at 7.3-fold more than wild type, though glucosyl SA levels were similar to Col-0. Thus, free SA in npr1 deviated from the inverse correlation between SA and shoot biomass: r 2 was 0.903 for a regression of free SA against biomass in the other genotypes, but fell to 0.550 when npr1 was included.
No significant differences were found between mean F v /F m values for Col-0, NahG, npr1, and eds5 at either 5°C or 23°C, all values being in the range 0.777 to 0.787 (n 5 10). The cpr1 plants, whose phenotype was suggestive of stress, were too small for this measurement, so another parameter of cellular damage was investigated.
Oxidative damage measured as thiobarbituric acidreactive substances (TBARS) is widely used as a stress indicator in biological systems, including cold-treated plants (Taulavuori et al., 2001) . Malondialdehyde (MDA), which can form by decomposition of peroxidized lipids, forms an adduct with thiobarbituric acid (TBA), though other chemical species can interfere with its assay (Rice-Evans et al., 1991) . We found excessive interference (Hodges et al., 1999 ; Taulavuori et al., 2001) when using spectrophotometry to measure TBARS in crude extracts of 5°C-grown Arabidopsis. Detection by fluorescence at 553 nm (Hodges et al., 1999) improved specificity, and the HPLC peak at the retention time of TBA-MDA represented 89 6 0.5% (n 5 30) of the TBARS detected by fluorescence in extracts of plants from 5°C or 23°C. This measurement of oxidative damage revealed no significant differences between Col-0 and the SA-deficient phenotypes NahG and eds5 (Fig. 7) . However, the SA-accumulating cpr1 mutant showed significantly greater oxidative damage than Col-0 at both 5°C (P , 0.001) and 23°C (P , 0.01).
DISCUSSION
Wild-type Arabidopsis shoots under chilling conditions slowly accumulated salicylate as free and glucosyl SA. Genotype comparisons indicated a strong negative correlation between growth rate and the levels or perception of SA. As our studies involved endogenous SA, production of a growth inhibitor appears to be a genuine physiological response to chilling. The growth-inhibitory properties of salicylates have already been noted without a specific explanation for a physiological role. Acetyl-SA at 100 mM retarded stem growth in potato microplants (LopezDelgado and Scott, 1997), such that Lopez-Delgado et al. (1998b) proposed its use as an alternative medium supplement to mannitol for slow-growth storage of potato germplasm. Growth of tobacco (Nicotiana tabacum) seedlings on 100 mM SA likewise reduced shoot biomass and leaf epidermal cell size (Dat et al., 2000) . We found endogenous SA accumulation in chilled Arabidopsis plants had comparable effects: RGRs were substantially higher than wild type in SAdeficient NahG plants, whose leaves grew much larger due to greater cell expansion.
There is much current interest in cellular mechanisms of cold sensing and their transduction into physiological responses (Murata and Los, 1997; Knight and Knight, 2000; Zarka et al., 2003) . The growth and morphology of cold-treated plants appear sensitive to the redox state of PSII, and it has been speculated that this is mediated by hormones (Gray et al., 1997; Huner et al., 1998; Rapacz, 2002) . We propose that SA is one hormone making a significant contribution to lowtemperature growth inhibition. Evidence that SA signaling in pathogen defense involves cross talk with ethylene, jasmonic acid, and fatty acid signals (Kunkel and Brooks, 2002; Kachroo et al., 2003) suggests these signal pathways also deserve attention in low-temperature growth. Another candidate is abscisic acid, which affects expression of many cold-regulated genes (Leung and Giraudat, 1998) . Rapacz et al. (2003) , however, found that growth rate during cold deacclimation and reacclimation in Brassica napus correlated better with GAs than abscisic acid content.
Insights into SA signaling in growth at chilling temperature were provided by SA-related mutants from pathogen defense research. The eds5 mutants had the same chilling phenotype as the similarly SAdeficient NahG transgenics, which, together with our negative catechol analyses, suggests that the NahG chilling phenotype was not due to SA degradation products, as proposed by Van Wees and Glazebrook (2003) for nonhost resistance to Pseudomonas syringae. The wild-type accumulation of SA seen in chilled shoots was absent in eds5, as found for other stresses by Nawrath et al. (2002) , who suggest the substrates of the putative EDS5 metabolite transporter could be either SA precursors or other low-M r signal cascade components. In either case, it appears that common SA-based signaling mechanisms occur in responses to chilling and pathogens as well as to UV-C and ozone stress.
Growth of npr1 at 5°C was significantly greater than wild type, though less than NahG or eds5. NPR1 is an SA-activated regulator of gene expression in SAR (Fan and Dong, 2002; Mou et al., 2003) , and the growth patterns of npr1 mutants indicated that this component of SA signaling functions in chilling responses. The growth of chilled npr1 mutants was intermediate between wild-type and SA-deficient genotypes. This suggests that SA-mediated NPR1-dependent and SAmediated NPR1-independent signaling pathways, as recognized in pathogen responses (Clarke et al., 2000) , may function in the growth inhibition of chilled plants. We have found a parallel situation in heat treatments of Arabidopsis, in which npr1 responses were likewise intermediate between wild-type and NahG plants (Clarke et al., 2004) . The apparent capacity of NPR1 to function in diverse responses may reflect the versatility of the TGA transcription factors with which it may interact. Seven TGA factors with differing affinities for NPR1 are known in Arabidopsis (Després et al., 2000; Zhou et al., 2000) , and TGA factor binding sites occur in promoters responding to diverse stresses (Pascuzzi et al., 1998; Chen and Singh, 1999) . Clarke et al. (2000) noted that the npr1 mutation caused an increase in endogenous SA and proposed NPR1 may not only transduce the SA signal, but also reduce SA accumulation. This would explain why free SA levels in our chilled npr1 plants were over sevenfold greater than wild type.
The inverse correlation between SA and growth in chilled plants was extended with the cpr1 mutant, which had high free and glucosyl SA levels and whose development was severely restricted at 5°C. Growth of cpr1 was also restricted at 23°C, though to a less extreme extent. TBARS assays of cpr1 gave higher readings than wild type at both 5°C and 23°C, indicating a greater propensity for oxidative damage in this mutant. The phenotype of cpr1 appears to be exceptionally sensitive to environmental conditions. Stokes and Richards (2002) noted that, in long days, cpr1 plants were dwarf with twisted leaves, while in short days they had rolled leaves that became chlorotic. On the other hand, for our recent study on thermotolerance (Clarke et al., 2004) , we raised young cpr1 and cpr5 plants with more normal phenotypes on nutrient medium in vitro and found that heat tolerance of cpr mutants correlated with SA content.
We assessed cellular damage using F v /F m and/or TBARS measurements, and cpr1 was the only genotype in which a significant difference from wild type could be demonstrated. Although differences might be revealed by other stress criteria, such as cellular redox state (Dat et al., 2000) , the dramatic growth differentials between chilled Col-0 and SA-deficient NahG or eds5 plants would not seem to reflect commensurate cellular damage.
In cpr1, on the other hand, the increased oxidative damage alongside growth inhibition reaffirms the relationship between SA and cellular stress. The collective data on SA and oxidative stress have a complex pattern, consistent with the type of model proposed by Rao and Davis (1999) in which SA maintains the cellular redox state and potentiates defenses in ozonetreated plants, but excessive SA levels activate an oxidative burst and cell death. Thus, in different abiotic stresses, SA can apparently decrease (Borsani et al., 2001; Nemeth et al., 2002) or promote (Dat et al., 1998a (Dat et al., , 2000 Lopez-Delgado et al., 1998a; Janda et al., 1999; Senaratna et al., 2000; Kang and Saltveit, 2002; Larkindale and Knight, 2002; Kang et al., 2003; Clarke et al., 2004) tolerance. Moreover, higher concentrations of SA are often superoptimal in cases where SA treatments can improve stress tolerance (Dat et al., 1998a (Dat et al., , 2000 Lopez-Delgado et al., 1998a) , including cold tolerance (Janda et al., 1999; Senaratna et al., 2000; Kang et al., 2003) . Our cpr1 plants may therefore have been subject to both growth inhibition and oxidative stress due to excessive SA levels.
Previous studies of SA in low-temperature physiology have examined tolerance of treatments causing injury in the species concerned and have tended to use short treatments with exogenous SA (Janda et al., 1999; Szalai et al., 2000; Bernard et al., 2002; Kang and Saltveit, 2002; Kang et al., 2003; Tasgin et al., 2003) . For the type of long-term growth studies we conducted in conditions causing no detectable wild-type injury, such pharmacological approaches would be more problematic in execution and interpretation. The role of SA suggested by our studies is likely to be distinct from that in the above-mentioned papers.
The effects of SA accumulation only partly explain the chilling-induced slowdown of growth. Temperature downshift from 23°C to 5°C caused an immediate growth reduction in both Col-0 and NahG. Indeed, no differences between these genotypes were visible for at least the first 2 weeks of chilling, and significant SA accumulation was not detectable until the second week. Numerous physiological effects of chilling have been identified, including potential disruption of all major components of photosynthesis (Allen and Ort, 2001 ). PSII photodamage can result when absorbed light energy exceeds the capacities of quenching or metabolic utilization, but F v /F m measurements revealed no photodamage in our plants. The relatively low light levels (100 mmol m 22 s 21 ) probably contributed to avoidance of photodamage (Yu et al., 2002) . Chilling in low light or darkness may instead reduce photosynthetic performance via stromal carbon-reduction cycle activities (Kingston-Smith et al., 1997; Hutchison et al., 2000; Van Heerden et al., 2003) and possibly stomatal responses (Allen and Ort, 2001) . Our growth analyses confirmed that chilling reduced NAR, a parameter reflecting the overall budget of carbon gain and loss, in both Col-0 and NahG. More interesting is our finding that maximal NAR in chilled NahG plants was significantly greater than wild type, investigation of the biochemical basis of which might provide new insights into photosynthetic regulation.
The slow development of SA-correlated growth differentials was thus superimposed on the immediate growth reduction seen upon chilling. This could reflect a hormonal role in dampening the potential for rapid reversals in growth rate under fluctuating environmental conditions, as growth rates tend to correlate inversely with frost resistance during cold acclimation, deacclimation, and reacclimation episodes (Rapacz, 2002) . Another role for protracted hormonal growth inhibition might be in Arabidopsis ecotypes that adopt a winter annual habit and overwinter vegetatively (Gazzani et al., 2003) . It could be interesting to monitor seasonal changes in SA levels in overwintering plants in natural environments.
The association of slow or compact plant growth patterns with adverse environments has long been recognized, but the relationships are complex (Poorter and Remkes, 1990) . Arabidopsis is widely distributed in northern temperate regions and RGRs and NARs of ecotype accessions both correlate negatively with latitude of origin (Li et al., 1998) . Our conclusion that NAR determined the RGR differential between Col-0 and NahG accords with the correlation between these two growth parameters in the ecotypes studied by Li et al. (1998) . NAR and RGR did not correlate in interspecific comparisons made by Poorter and Remkes (1990) , who proposed that the morphological LAR parameter instead determined the low RGR of species from adverse natural habitats. In Arabidopsis ecotypes, by contrast, LAR increased with latitude of origin and compensated for the negative effect of NAR on RGR (Li et al., 1998 ). While we found that LAR declined on chilling of Arabidopsis plants, its similarity in Col-0 and NahG suggests that SA does not affect this parameter. Thus, the genetically based differences in growth patterns exhibited by Arabidopsis ecotypes may be mediated by factors other than SA.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
Arabidopsis ecotype Columbia (Col-0) was used as wild type and the transgenic and mutant lines were in this background. The 35S-NahG line was donated by Scott Uknes (Cropsolution, Research Triangle Park, NC). The npr1 and cpr1 mutants were from Xinnian Dong (Duke University, Durham, NC), while eds5 was from Fred Ausubel (Harvard Medical School, Boston, MA). Seeds sown in Levington Universal Extra compost (Scotts, Ipswich, UK) were vernalized for 1 week at 4°C, and then germinated in a glasshouse heated to a minimum 23°C, with a 16-h daily light period supplemented, if necessary, by 400-W sodium lamps. Experimental populations were at a mean growth stage of 1.06 6 0.01 (Boyes et al., 2001) , unless stated, at the start of temperature treatments in Fisons model 600G3/THTL controlled environment chambers (Loughborough, UK) at mean air temperatures of 5°C or 23°C. Daily light periods of 16 h (unless stated) were provided by 36-W fluorescent tubes at a maximum irradiance of 100 mmol m 22 s
21
. (Higher light intensities rapidly induced purple coloration and were avoided.) Plant locations within the chambers were changed three times weekly. Plant material for biochemical analysis was fresh-frozen in liquid N 2 and, if necessary, stored at 280°C.
Analysis of Growth Parameters
Dynamic growth analysis of Col-0 and NahG at 5°C and 23°C (Figs. 1-4A ) was started at a mean growth stage of 1.04. Four plants, of each genotype at each temperature, were harvested at intervals, and the number of leaves .1 mm counted on each. Total leaf area per plant (A) was measured on a Delta-T Devices Area Measurement System (Cambridge, UK). Finally, oven-dried biomass of whole plants, including roots (W), was measured. Growth curves are shown in Figures 1 and 2 fitted by least-squares regression to a logistic function, W 5 a / (1 1 be 2ct ), where t is time, and a, b, and c are constants. RGR was estimated as the regression line gradient of ln W against t over a period of exponential growth spanning five harvests. LAR was determined for each harvest as A/W, while NAR was derived as RGR/LAR (Poorter and Remkes, 1990) .
Epidermal cell measurements were made on photomicrographs of replicas obtained by evaporating a viscous acetone solution of cellulose acetate in contact with abaxial surfaces of fully expanded rosette leaves. Cross-sectional areas of 10 cells on each of five leaves per genotype were measured using PC_Image Version 2.2 software (Foster Findlay, Aberdeen, UK). The number of abaxial epidermal cells was estimated by dividing the area of each leaf by the mean area of its cells.
Single-harvest measurements were also made of oven-dried biomass of whole shoots without roots (e.g. Fig. 6B ).
Chlorophyll Fluorescence Measurements
Photochemical efficiency of PSII was measured as the ratio of variable-tomaximal chlorophyll fluorescence (F v /F m ) in fully expanded attached leaves, following 10-min dark adaptation with leaf clips at the growth temperature. Measurements were made at a 685-nm excitation of 1000 mmol photons m 
Analysis of SA and Catechol
Shoot tissues (up to 0.5 g) were ground in liquid N 2 and extracted for at least 3 h at 5°C in 20 mL 80% methanol with addition of an internal standard of d 6 -SA (98 atom %; C/D/N Isotopes, Pointe-Claire, Quebec, Canada). Samples were passed through filter paper and the methanol removed by rotary evaporation at 25°C. After sample centrifugation (13,000 rpm, 3 min), half of each supernatant was incubated overnight at 37°C with an equal volume of buffer (0.2 M sodium acetate, pH 4.5) in the presence of 10 units of almond b-glucosidase EC 3.2.1.21 (NBS Biologicals, Huntingdon, UK). Glucosidasetreated and untreated fractions were each partitioned at pH 2 against equal volumes of ethylacetate. The organic phases were back-washed against H 2 O and reduced to dryness by rotary evaporation at 25°C. Samples were chromatographed at 30°C on a Waters Nova-Pak C 18 cartridge (3.9 3 50 mm), using a 10% to 95% gradient of methanol in 2 mM formic acid over 15 min, at a flow rate of 0.5 mL min 
TBARS Assays
TBARS were assayed by a modification of the method of Hideg et al. (2003) . Up to 0.5 g shoot tissue were ground in liquid N 2 , and then agitated for 10 s on a vortex mixer in at least 6 volumes of 5% (w/v) trichloroacetic acid containing 0.1% (w/v) butylhydroxytoluene. The homogenates were filtered through filter paper into tubes on ice. Supernatant aliquots (0.3 mL) were mixed with 0.3 mL of 0.5% (w/v) TBA in 5% trichloroacetic acid and heated for 30 min at 95°C. TBA-MDA was quantified in the cooled assay mixtures by a modification of the HPLC method of Hodges et al. (1999) . Sample aliquots were chromatographed at 26°C on a column (250 mm 3 4.6 mm i.d.) of Macherey-Nagel Nucleodur C18 Gravity 5 mm (Duren, Germany). An isocratic mobile phase of 24% (v/v) acetonitrile in 0.1% (v/v) trifluoroacetic acid was delivered at 1 mL min 21 by a Dionex P580 pump, and eluates were monitored using Dionex RF 2000 fluorescence and PDA-100 photodiode array detectors (Camberley, UK). TBA-MDA eluted at 3.7 min and was quantified by 553-nm fluorescent emission with excitation at 532 nm. MDA standard curves were constructed using the more stable 1,1,3,3-tetraethoxypropane (Sigma-Aldrich, Poole, UK), which hydrolyzes to MDA in the assay (Hideg et al., 2003) .
Statistical Treatments
Significance of differences between pairs of sample means or regression lines was estimated by two-tailed t tests. Excel was used for all statistical calculations.
